Immortalization and characterization of mouse temporomandibular joint disc cell clones with capacity for multi-lineage differentiation  by Park, Y. et al.
Osteoarthritis and Cartilage 23 (2015) 1532e1542Immortalization and characterization of mouse temporomandibular
joint disc cell clones with capacity for multi-lineage differentiation
Y. Park y, J. Hosomichi y z, C. Ge x, J. Xu y, R. Franceschi x, S. Kapila y *
y Department of Orthodontics and Pediatric Dentistry, School of Dentistry, The University of Michigan, Ann Arbor, MI, USA
z Department of Orthodontic Science, Graduate School, Tokyo Medical and Dental University, Tokyo, Japan
x Department of Periodontics and Oral Medicine, School of Dentistry, The University of Michigan, Ann Arbor, MI, USAa r t i c l e i n f o
Article history:
Received 2 December 2014
Accepted 2 April 2015
Keywords:
TMJ disc
Fibrocartilage cells
Immortalization
Fibroblast-like cell clones
Chondrocyte-like cell clones
Multi-lineage potential* Address correspondence and reprint requests to:
sity Avenue, The University of Michigan, Ann Arbor, M
Tel.: 1-734-647-8750; fax: 1-734-763-8100.
E-mail address: skapila@umich.edu (S. Kapila).
http://dx.doi.org/10.1016/j.joca.2015.04.006
1063-4584/© 2015 The Authors. Published by Elsevie
(http://creativecommons.org/licenses/by-nc-nd/4.0/).s u m m a r y
Objective: Despite the importance of temporomandibular joint (TMJ) disc in normal function and dis-
ease, studying the responses of its cells has been complicated by the lack of adequate characterization of
the cell subtypes. The purpose of our investigation was to immortalize, clone, characterize and determine
the multi-lineage potential of mouse TMJ disc cells.
Design: Cells from 12-week-old female mice were cultured and immortalized by stable transfection with
human telomerase reverse transcriptase (hTERT). The immortalized cell clones were phenotyped for
ﬁbroblast- or chondrocyte-like characteristics and ability to undergo adipocytic, osteoblastic and
chondrocytic differentiation.
Results: Of 36 isolated clones, four demonstrated successful immortalization and maintenance of stable
protein expression for up to 50 passages. Two clones each were initially characterized as ﬁbroblast-like
and chondrocyte-like on the basis of cell morphology and growth rate. Further the chondrocyte-like
clones had higher mRNA expression levels of cartilage oligomeric matrix protein (COMP) (>3.5-fold),
collagen X (>11-fold), collagen II expression (2-fold) and collagen II:I ratio than the ﬁbroblast-like clones.
In contrast, the ﬁbroblast-like clones had higher mRNA expression level of vimentin (>1.5-fold), and
ﬁbroblastic speciﬁc protein 1 (>2.5-fold) than the chondrocyte-like clones. Both cell types retained
multi-lineage potential as demonstrated by their capacity to undergo robust adipogenic, osteogenic and
chondrogenic differentiation.
Conclusions: These studies are the ﬁrst to immortalize TMJ disc cells and characterize chondrocyte-like
and ﬁbroblast-like clones with retained multi-differentiation potential that would be a valuable resource
in studies to dissect the behavior of speciﬁc cell types in health and disease and for tissue engineering.
© 2015 The Authors. Published by Elsevier Ltd and Osteoarthritis Research Society International. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).Introduction
Temporomandibular joint disorders (TMJDs) are a term encom-
passing a spectrum of clinical signs and symptoms, which involve
the masticatory musculature, the temporomandibular joint (TMJ)
and associated structures. These disorders often present with lim-
itation or deviation inmandibular motion, open or closed locking of
the jaw, TMJ sounds including clicking, popping and crepitus, and
pain in masticatory muscles, TMJ and the face as well as head-
aches1,2. TMJD symptoms occur in approximately 6e12% of the adultS. Kapila, 1011 North Univer-
I, 48109-1078, USA.
r Ltd and Osteoarthritis Research Spopulation in the United States3. Of the patients with TMJDs,
approximately 80% present with signs and symptoms of joint dis-
ease including disc displacement, arthralgia, osteoarthrosis and
osteoarthritis4,5, indicating that an understanding of the underlying
pathobiology of diseases of the joint, and more speciﬁcally of the
contribution of the TMJ disc, could be beneﬁcial towards potential
targeted therapies for a large proportion of patients with TMJDs.
The TMJ disc is a tissue of substantial importance because of its
role in normal joint function in permitting mandibular movements
and because its degeneration leads to compromised joint
function6e9. In humans, the TMJ and disc start to form during the
ﬁrst trimester as a mesenchymal condensate in the TMJ region10,11.
The disc undergoes progressive pre- and post-natal differentiation
as it matures from a ligamentous/myotendinous structure to a
specialized ﬁbrocartilaginous tissue in response to function12e16.ociety International. This is an open access article under the CC BY-NC-ND license
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adapts its shape to changing geometry of the articular surfaces,
thus minimizing small contact areas and local peak forces9,17.
Because the disc is subjected to tensile, compressive and shear
forces, it is conﬁgured for anisotropic mechanical behavior and has
amatrix composition and organization designed towithstand these
complex mechanical challenges18e22. These complex functional
demands result in a heterogenous tissue with differences in the
regional distribution of extracellular matrices and cell phenotypes.
Thus the mature disc has a ﬁbrous tendinous structure with
ﬁbroblastic cells at sites of tension, a primarily cartilaginous matrix
and chondrocyte-like cells at sites of compression and a mixed
tissue composition and intermediate ﬁbrochondrocytic cells where
the tissue is subjected to complex tensile, compressive and shear
forces12,20,23e27. Ultimately, this structural organization and
composition of the disc is determined by the cells contained within
the tissue.
Despite the importance of TMJ disc cells to the disc's integrity,
contributions to normal joint function and role in disease pro-
gression, studying their responses to physiologic, pathologic bio-
logical and mechanical cues has been complicated by the lack of a
detailed characterization of the cell subtypes comprising the disc.
Furthermore, even though the disc is known to contain diverse cell
phenotypes, the fundamental differences between ﬁbroblast-like
or chondrocyte-like cells or other putative cell types have not
been elucidated. The longer-term aim of our studies is to elucidate
the key characteristics of TMJ disc cell subtypes and their speciﬁc
responses to exogenous and endogenous stimuli. The speciﬁc goals
of the present study were to immortalize, clone and characterize
mouse TMJ disc cells that primarily demonstrate either ﬁbroblast-
like or chondrocyte-like phenotypes and determine whether
these clones retain the capacity for multi-lineage differentiation.
We chose to establish immortalized cell clones frommice TMJ discs
both to develop a needed resource to undertake in vitro mecha-
nistic studies, and to establish protocols for subsequently immor-
talizing the less readily available human cells. The immortalization,
cloning and characterization of these cells provide a valuable
resource for future studies to determine cell type-speciﬁc re-
sponses to physiologic or pathologic cues that could offer critical
insights on disease progression, prevention and treatments
including tissue engineering of the TMJ disc.
Materials & methods
Reagents and animals
All cell culture reagents and media were purchased from Invi-
trogen Corp. (Carlsbad, CA) and chemicals were from Sigma-
eAldrich Corp. (St. Louis, MO) unless otherwise mentioned. Total
RNA extraction kit was from Qiagen Corp. (Valencia, CA) and
quantitative real time reverse-transcriptional polymerase chain
reaction (qRT-PCR) kits were obtained from Applied Biosystems
(Carlsbad, CA). Bicinchroninic acid assay (BCA) protein assay kit was
purchased from Thermo Scientiﬁc (Rockford, IL). Transfection agent
Fugene HD, hygromycin B, a-MEM, 10% fetal bovine serum (FBS),
fungizone and antibiotics were purchased from Invitrogen (Grand
Island, NY). Primary antibodies to mouse vimentin, cartilage olig-
omeric matrix protein (COMP), and Collagen X were from Abcam
Plc. (Cambridge, MA), to mouse ﬁbroblast speciﬁc protein 1 (FSP1),
aggrecan and b-actin were from SigmaeAldrich Corp., and to
mouse collagen I and collagen II were from EMD Chemicals Inc.
(Gibstown, NJ). The pGRN145 plasmid containing a cDNA encoding
human telomerase reverse transcriptase (hTERT) was obtained
from ATCC (Manassas, VA). C57BL/6J mice were purchased from
Jackson Laboratories (Bar Harbor, ME). All animal procedures wereconducted in compliance with federal and institutional guidelines
and approved by the Institutional Animal Care and Use Committee.
Determination of in vivo disc cell phenotypic proportions and
distribution
For histological analyses, mice heads or knees were ﬁxed in 4%
paraformaldehyde, decalciﬁed with 10% of ethylenediaminetetra-
acetic acid, embedded in parafﬁn, 5 mm thick sections cut and
stained with hematoxylin and eosin. Cell numbers by phenotypes
and distribution were quantiﬁed from tissue sections from three
mice. Cells demonstrating elongated, narrow spindle shaped
appearance were morphologically classiﬁed as ﬁbroblast-like,
while those displaying a rounded morphology with lacunae were
classiﬁed as chondrocyte-like.
Isolation and immortalization mouse TMJ disc cells
TMJ discs from 12-week-old female mice were retrieved
following euthanasia and cultured as described previously28,29. The
discs werewashedwith phosphate buffered saline (PBS) containing
antibiotics and fungizone, minced and incubated with a-MEM
containing 10% FBS, and 100 units/ml of streptomycin and penicillin
for 2e4 weeks. Passage two cells were immortalized by stable
transfection with the vector pGNR145 expressing hTERT cDNA us-
ing Fugene HD. The transfected cells were selected in presence of
hygromycin B (35 mg/ml) over 5 weeks and positive clones were
subcultured in medium with hygromycin B (10 mg/ml).
Determination of cell immortalization
Of 36 isolated clones, four demonstrated successful immortali-
zation as determined by telomerase assays and the ability to
maintain expression of select markers for up to 50 passages. Telo-
merase activity was assessed using a telomere repeat ampliﬁcation
protocol (TRAP) kit (Roche, Mannheim, Germany). The TRAP assay
involves a two-step process in which the telomerase-mediated
elongation products are ﬁrst ampliﬁed by PCR using GeneAmp
PCR System 9600 (Applied Biosystems). Samples with enzyme-
inactivation by heat treatment of the cell extract for 10 min at
85C prior to the TRAP reaction served as negative controls. The
ampliﬁed products were quantitated by readings at an absorbance
wavelength of A450nm against a blank with a reference wavelength
of A690nm. The ampliﬁed ladder was visualized following electro-
phoresis on a 12.5% polyacrylamide gel and staining with ethidium
bromide. The stability of protein expression for versican and
aggrecan previously shown to be expressed in the TMJ disc15,30 was
determined by Western blots.
Cell characterization by morphology, growth rate and speciﬁc
markers
Morphological characteristics of the cells were assessed at days
1 and 8 of culture by phase contrast microscope (Nikon TS100). For
cell growth assays, the clones were seeded at a density of
1.5  104 cells in 100 mm culture dish in a-MEM and cells counted
at 2, 4, 6, 8 and 10 days. Passage-dependent expression of speciﬁc
proteins was assayed for cells at passages 2e50, with about two
population doublings corresponding to one passage.
To assay for ﬁbroblast-like or chondrocyte-like markers, the
clones were cultured in media supplemented with 10% FBS and
hygromycin B (10 mg/ml) for 2 days followed by incubation without
hygromycin until the cells were ~80% conﬂuent. The cells were
ﬁxed for immunocytochemistry, and the expression of markers
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qRT-PCR on mRNA and Western blots on cell lysates, respectively.
Multi-lineage differentiation potential of cell clones
The capacity for multi-lineage differentiation was determined
for cell clones mTD-6 and -11. Cells were seeded at a density of
50,000/cm2 and initially maintained in a-MEM with 10% FBS.
Osteoblast differentiation was induced by supplementing this
media with 50 mg/ml ascorbic acid, 10 mM b-glycerophosphate and
3 mM Chrion 99021 (Cayman Chemical Co., Ann Arbor, MI) for 21
days. For adipogenesis, cells were grown for 2 days in medium
containing insulin (5 mg/ml, Invitrogen), dexamethasone (1 mM), 3-
isobutyl-1-methylxanthine (IBMX) (500 mM) and troglitazone
(5 mM), followed by growth in medium containing troglitazone
(5 mM) only for up to 9 days. Chondrogenesis in multilayer cultures
was induced over a 21-day period by addition of 50 mg/ml ascorbic
acid, 10 mM b-glycerophosphate and 20 mg/ml TGF-b1 (Enzo Life
Science, Ann Arbor, MI) to the medium.
Protein assays and Western blots
Immortalized clones were lysed using radio-immunoprecipita-
tion assay (RIPA) lysis buffer (Thermo Scientiﬁc, Waltham, MA)
followed by ultrasonication (Sonic Dismembrator®model 10, Fisher
Scientiﬁc). The protein concentration in the lysate was determined
by BCA protein assay. The samples, standardized by total protein
were mixed with 4 sample buffer (Bio-Rad, Hercules, CA) with 2-
mercaptoethanol, and separated by electrophoresis on 4e12% (w/v)
sodium dodecyl sulfate-poly acrylamide gels. The proteins were
transferred to polyvinylidene ﬂuoride membrane (Immoblin®,
Millipore), blocked with milk in PBS, incubated with primary
polyclonal antibodies, washed and incubated with horseradish
peroxidase-conjugated secondary antibody (Bio-Rad) as described
previously28,31. Following further washes, the protein bands were
visualized by incubating the membrane with a chemiluminescent
substrate (Thermo Scientiﬁc) and exposure to an X-ray ﬁlm. After
incubationwith stripping buffer (Thermo Scientiﬁc) for 20 min, the
blot was re-probed with primary antibody speciﬁc for actin.
Total RNA extraction and qRT-PCR analysis
Gene expression levels were quantiﬁed by qRT-PCR (PRISM
7500, Applied Biosystems). Upon conﬂuence, total RNA was
extracted using RNeasy Mini kit (Qiagen). Total RNA was reverse
transcribed using Ominiscript RT kit (Qiagen) with an oligo (dT)
primer (Applied Biosystems). A 1:100 (v/v) dilution of the resulting
cDNA was utilized as the template to quantify the relative mRNA
levels of FSP1, vimentin, COMP, collagen X, collagen II, peroxisome
proliferator-activated receptor-g (PPAR-g), CCAAT/enhancer bind-
ing protein-a (CEBP-a), adiponectin, runt-related transcription
factor 2 (Runx2) and osteocalcin (OCN) using SYBR green master
mix and speciﬁc primers designed with Primer Express 2.0
(Applied Biosystems). All primers except those for OCN were ob-
tained commercially (Applied Biosystems) and are proprietary in-
formation. The primer sequences for OCN are provided in Fig. 6. The
qRT-PCR ampliﬁcation was conﬁrmed by performing the melting
curve test and observing a single peak for each gene. Mouse glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) or b-actin was
used as internal control.
Immunocytochemistry and immunohistochemistry
Immortalized clones were seeded into chamber slides
(5 103 cells/chamber) until 30% conﬂuent, washed with PBS, ﬁxedwith 75% (v/v) ethanol for 15 min, washed, incubated with 4%
paraformaldehyde, washed and blocked with 1% (w/v) horse serum
albumin for 30 min. The cells were incubated with primary rabbit
anti-mouse COMP or goat anti-mouse FSP1 or non-immune IgG for
2 h. After washing, cells were incubated with ﬂuorescent-labeled
donkey anti-rabbit-FITC or donkey anti-goat IgG-CFL647 (Santa
Cruz, Dallas, TX) secondary antibody (1:2000 v/v), respectively for
1 h. The nuclei were stained with 4-6-diamidino-2-phenylindole
(DAPI). Following further washing, the cells were mounted with
cover slips and observed under a ﬂuorescent microscope (Nikon
TS100, Tokyo, Japan). A similar protocol was used for staining TMJ
disc tissue, with the exception that the sections were serially
incubated with both primary antibodies followed by both second-
ary antibodies.
Cytochemistry for cell differentiation
The cells were ﬁxed with 4% formaldehyde for 1 h, washed and
processed as follows. For determination of fat droplet accumula-
tion, the cells were incubated with 60% isopropyl alcohol for 10min
and stained with Oil Red O (2 mg/ml in 60% isopropyl alcohol) for
1 h. To stain for mineralization, the cells were incubated for 0.5 h in
2% Alizarin Red S (pH 4.2 with 10% ammonium hydroxide). To stain
for sulfated proteoglycans, the cells were incubated in 1% Alcian
Blue in 3% acetic acid (pH 2.5) for 2 h. Cells were washed with PBS
and images taken using a phase contrast microscope (Nikon D300).
Statistical analysis
All studies were performed in triplicate and repeated three-
times. Numerical data were plotted as means ± 95% conﬁdence
interval (CI). Because the data was normally distributed, the sta-
tistical signiﬁcance of any differences was determined by single
factorial analysis of variance (ANOVA), and the inter-group differ-
ences were determined by Tukey's test using JMP 10 program (SAS
Institute Inc., Cary, NC).
Results
Cell morphology phenotypes and location in the TMJ disc and knee
meniscus
We ﬁrst quantiﬁed the relative numbers and distribution of the
two cell types found in the TMJ disc based on morphology, and
compared these ﬁndings with those of the knee meniscus ﬁbro-
cartilage. As with other species, the mouse TMJ disc is biconcave in
shape and can be similarly divided in the anteroposterior direction
into an anterior band, intermediate zone, and posterior band
[Fig. 1(A) and (B)]. Although chondrocyte-like cells possessing a
round morphology and surrounded by pericellular matrix were
distributed throughout the disc, they were most abundant in the
intermediate zone [Fig. 1(C)]. In contrast, the elongated spindle
shaped ﬁbroblastic cells were mostly observed in posterior and
anterior bands [Fig. 1(D)]. Double immunolabeling revealed that
most of the spindle shaped cells stained primarily for the ﬁbroblast
marker FSP132,33, while those with round morphology stained for
both FSP1 and the chondrocyte marker COMP34 [Fig. 1(E)]. Quan-
titation of the cell phenotypes by location showed that
chondrocyte-like cells are dominant in the central region (70%)
while ﬁbroblast-like cells are more prevalent in the anterior and
posterior bands (72%) of the disc [Fig. 1(F)]. Overall 63% of the cells
in the TMJ disc were of ﬁbroblast-like morphology while the
remainder were chondrocyte-like in shape. These ﬁndings contrast
with those of the knee meniscus where chondrocyte-like cells
predominate at over 90% of the cells [Fig. 1(G)].
Fig. 1. In vivo cell phenotypes in the mouse TMJ disc. (A) H and E stained section of the TMJ showing the biconcave TMJ disc interposed between the mandibular condyle, and
articular fossa and eminence. (B) Low power photomicrograph of the TMJ disc demonstrating cell distribution and heterogeneity of ﬁbroblast-like (Fb-Like) and chondrocyte-like
(Ch-Like) cells in the posterior band and intermediate zone of the TMJ disc. Although both cell types are found throughout the disc, the rounded chondrocyte-like cells with clear
pericellular matrix are predominantly found in the central intermediate zone (C and F; white bars) while the elongated spindle shaped ﬁbroblast-like cells are highly prevalent in
anterior and posterior bands of the TMJ disc (D and F; black bars). (E) Double immunolabeling revealed that the spindle shaped cells stain primarily for FSP1 (red or magenta
ﬂuorescence; arrow), while the rounded cells stain for both COMP and FSP1 (yellow or white ﬂuorescence; arrowhead). (G) The proportion of the two cell types differ between the
TMJ disc and knee meniscus ﬁbrocartilages with the TMJ disc (white bars) having a large proportion (62%) of ﬁbroblast-like cells, while the knee meniscus (black bars) pre-
dominantly (90%) has chondrocyte-like cells. Data is presented as mean and 95% CI from three mice derived independently for each animal by averaging cell numbers from seven to
ten sections per animal.
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Of 36 isolated hTERT cDNA-transfected clones, four demon-
strated successful immortalization as determined by telomerase
assays [Fig. 2(A) and (B)] and the stable expression of select
markers for up to 50 passages [Fig. 2(C)]. In contrast, no telomerase
activity was observed in TMJ primary cells, and was almost
completely inhibited in the clones after heat treatment, indicating
that hTERT was competent in mouse cells [Fig. 2(A) and (B)]. While
primary TMJ disc cells had a progressive decrease in expression of
versican and aggrecan with increasing cell passages, all established
clones at passage 50 demonstrated expression levels of these pro-
teins similar to those found in early passage primary cells
[Fig. 2(C)], thus maintaining primary cell traits.
Next the potential ﬁbroblast-like or chondrocyte-like charac-
teristics of the mouse TMJ disc (mTD) cell clones, mTD-1, -2, -6 and
-11 were determined by cell morphology and growth curves. Atpre-conﬂuence (day 1) and conﬂuence (day 8) clones mTD-2 and
mTD-6 showed elongated, spindle shaped ﬁbroblast-like
morphology [Fig. 2(D), (a)e(d)] while clone mTD-1 and mTD-11
are larger polygonal cells with large nuclei similar to those
observed in chondrocyte-like cells [Fig. 2(D), (e)e(h)]. Additionally,
mTD-2 and mTD-6 clones had faster growth rates than the mTD-1
and mTD-11 clones [Fig. 2(E)].
Conﬁrmation of ﬁbroblast-like or chondrocyte-like characteristics of
mTD clones
The phenotypes of the mTD cell clones were determined by
their relative expression of ﬁbroblast markers, FSP1 and vimentin,
and chondrocyte speciﬁc proteins, COMP and collagen type X by
these cells. The clones mTD-2 and -6 had higher mRNA levels for
FSP1 (>2.6) [Fig. 3(A)] and vimentin (>1.6) [Fig. 3(B)] compared to
those in clones mTD-1 and -11. In contrast, mTD-1 and -11 clones
had higher mRNA levels for COMP (>3.5 fold) [Fig. 3(E)] and
Fig. 2. Isolation, immortalization and initial characterization of mouse TMJ disc (mTD) cell clones. Following transfectionwith a vector (pGNR145, ATCC) expressing the hTERT cDNA
and selection with hygromycin, four clones demonstrated enhanced telomerase activity and stable expression of proteins over 50 passages. cDNA from cell clones transfected with
hTERT subjected to telomere repeat ampliﬁcation protocol (TRAP) assay demonstrated robust increase in telomerase activity in mTD cell clones 1, 2, 6 and 11 relative to that in
primary cells as determined by absorbance readings of ampliﬁed products (A), and telomere ladder on 12.5% polyacrylamide gel electrophoresis stained with ethidium bromide (B).
This telomerase activity in hTERT-transfected cells was abrogated by heat inactivation (HIþ). (C) The transfected cell clones also maintained stable expression levels of ﬁbroblast
marker versican, and chondrocyte marker aggrecan for up to 50 passages while a passage-dependent decrease in expression of these proteins was observed in primary disc cells. (D)
At days 1 and 8 of culture mTD clones 2 and 6 show an elongated, spindle shaped ﬁbroblast-like morphology, while mTD clones 1 and 11 demonstrated polygonal chondrocyte-like
morphology. (E) All four cell clones had rapid growth curves reaching conﬂuency at about 8 days, with mTD-2 and -6 showing faster growth rates than mTD-1 and -11 cell clones.
Data is presented as mean with 95% CI. (***P < 0.0001).
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These differences in expression of FSP1, vimentin, COMP and
collagen X between the four cell clones were conﬁrmed byWestern
blots [Fig. 3(C) and (G)] and by immunoﬂuorescence for FSP1 and
COMP [Fig. 3(D) and (H)]. Given these observations, clones mTD-2
and -6 clones will be referred to as ﬁbroblast-like, and clones
mTD-1 and -11 as chondrocyte-like.
We also determined collagen I and II mRNA and protein
expression in each clone and calculated the ratio of collagen type
II:I mRNA levels. While both types of cell clones expressed similar
levels of collagen type I mRNA, the chondrocyte-like clones
expressed about two times higher mRNA levels of collagen type II
than the ﬁbroblast-like clones [Fig. 4(A)]. This observation was
conﬁrmed by Western blots [Fig. 4(B)]. Consequently, the
chondrocyte-like clones showed more than three times highercollagen type II:I mRNA ratio compared with the ﬁbroblast-like
clones [Fig. 4(A)].
Multi-lineage potential of mTD cell clones
To determine if the immortalized cell clones retained the po-
tential for the differentiation, we evaluated the ability of cell clones
showing the highest levels of ﬁbroblast markers (mTD-6) or
chondrocyte markers (mTD-11) to differentiate into adipocytes,
osteoblasts and chondrocytes. The basal levels of PPAR-g, CEBP-a
and adiponectinwere similar in both cell clones [Fig. 5]. In contrast,
clone mTD-11 had higher baseline levels of osteogenic genes,
Runx2 and OCN [Fig. 6] aswell as chondrocytemarker collagen type
X [Fig. 7] than clone mTD-6. Both cell clones demonstrated pro-
gressive and robust induction of adipogenic, osteogenic and
Fig. 3. Expression of ﬁbroblast and chondrocyte markers in immortalized mTD cell clones. mRNA or cell lysates extracted from immortalized cell clones were subjected to qRT-PCR
or Western blots, respectively for ﬁbroblast markers FSP and vimentin, as well as chondrocyte markers COMP, and collagen X. Fibroblast-like (Fb-Like) clones mTD-2 and -6 show
higher gene and protein expression for FSP1 (A and C) and vimentin (B and C) than chondrocyte-like (Ch-Like) clones mTD-1 and -11. In contrast the chondrocyte-like clones show
higher expression levels of COMP (E and G) and collagen X (F and G) than ﬁbroblast-like clones. Actin was used as an internal control for qRT-PCR and Western blots. Immuno-
cytochemistry revealed higher levels of FSP staining in ﬁbroblast-like clones mTD-2 and -6 than chondrocyte-like clones mTD-1 and -11, (D) while COMPwas more intensely stained
in chondrocyte-like clones than ﬁbroblast-like clones (H). Nuclei were stained with DAPI. qRT-PCR data represents mean (95% CI) fold difference in respective genes from three
independent experiments for each cell clone, each performed in triplicate.
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which both cell clones responded similarly to osteogenic induction
in the ﬁrst 14 days, the mTD-11 clone had greater and/or earlier
induction of all markers of adipogenic, osteogenic and chondro-
genic differentiation than clone mTD-6. Staining for adipogenesis
with Oil Red O demonstrated marked uptake of dye by both
adipocyte-induced cell clones, with mTD-11 showing more
enlarged cell size and lipid accumulation than mTD-6. Similarly,
staining for mineralization and sulfated proteoglycans showed
deeper coloration and larger nodules in mTD-11 than mTD-6 cell
clones. Thus overall mTD-11 clone has a greater mesenchymal
multi-potential differentiation capacity than the mTD-6 clone.
Discussion
Our study is the ﬁrst to immortalize, clone and characterize two
distinct types of TMJ disc cells. The successful immortalization of
the cells was demonstrated by the similarly high levels of telome-
rase activity in all four clones and the stability of versican and
aggrecan expression for upto 50 passages. In contrast to the
immortalized cell clones, primary cells showed little telomerase
activity and progressive decrease in expression of the assayed
proteins. This effect of passaging on diminution of proteinexpression in primary cells has been shown in previous studies
including those from the human TMJ disc35,36. Thus passaging of
TMJ ﬁbrochondrocytes retrieved from diseased human TMJs over
nine passages resulted in passage-dependent decrease in cell
viability and reduction in expression of genes for several matrix
molecules including collagens I, III, IV, V, XV and XVI, the pro-
teoglycans aggrecan, chondroitin sulfate, heparin sulfate, biglycan,
decorin, and COMP36. Similarly, porcine primary TMJ disc cells
undergo signiﬁcant decreases in gene expression levels of aggrecan,
and collagen types I and II by 20%, 23% and 73%, respectively per
passage35. The successful immortalization and cloning of disc cells
provides a valuable resource for studying the behavior of speciﬁc
cell subtypes in health and disease.
Our ﬁndings conﬁrm the presence of at least two cell pop-
ulations within the mouse TMJ disc that have different morphol-
ogies and express different levels of ﬁbroblastic and chondrocytic
genes. The isolation of cells with two distinct morphologies from
the TMJ disc is not surprising given that the tissue has a heterog-
enous cell population, and validates previous studies where two
cell phenotypes were observed inmixed cell cultures31. Cells within
the TMJ disc have been variously identiﬁed as ﬁbroblasts,
ﬁbroblast-like, ﬁbrochondrocytes, chondrocyte-like and
chondrocytes12,20,23e26,37,38 emphasizing that the nature and
Fig. 4. Expression of types I and II collagens by ﬁbroblast-like and chondrocyte-like mTD cell clones. Type I and type II collagen mRNA levels determined using qRT-PCR (A) and
Western blots (B) showed that ﬁbroblast-like clones mTD-2 and -6 (white bar) and chondrocyte-like clones mTD-1 and -11 (black bar) express similar levels of type I collagen.
However, the chondrocyte-like cell clones expressed higher levels of collagen II than the ﬁbroblast-like clones, which resulted in about a 3-fold greater type II: type I collagen mRNA
ratio in the chondrocyte-like vs the ﬁbroblast-like cell clones. Actin was used as an internal control for the qRT-PCR and Western blots. qRT-PCR data represents mean (95% CI) fold
difference in respective genes from three independent experiments for each cell clone, each performed in triplicate.
Y. Park et al. / Osteoarthritis and Cartilage 23 (2015) 1532e15421538behavior of these cells remain poorly understood. In supplement-
ing the current knowledge on these cells, our in vivo characteriza-
tion of cell types by morphology showed that the TMJ disc from
young mice has approximately 63% ﬁbroblast-like cells and 37%Fig. 5. Fibroblast-like and chondrocyte-like mouse TMJ disc cell clones undergo adipogenic
were cultured for up to 9 days in media alone () or media with adipogenic mediators (þ) in
PCR for PPAR-g (A), CEPB-a (B) and adiponectin (C) or cells ﬁxed and stained with Oil Red-O
staining under adipogenic conditions, with the differentiation being more marked for mTD
relative to those of GAPDH from three independent experiments, each performed in triplicchondrocyte-like cells, with the former cells predominantly located
in the peripheral zones while the majority of the latter cell type
were found in the intermediate zone. These ﬁndings compare well
with those from the porcine TMJ disc where approximately 70% ofdifferentiation when cultured under appropriate conditions. mTD-6 and -11 cell clones
sulin, dexamethasone, IBMX and troglitazone. RNA was retrieved and subjected to qRT-
(D). Both cell types showed robust induction of all adipogenic markers and Oil Red-O
-11 than mTD-6 cell clone. qRT-PCR data represents mean (95% CI) of respective genes
ate.
Fig. 6. Fibroblast-like and chondrocyte-like mouse TMJ disc cell clones undergo osteogenic differentiation when cultured under appropriate conditions. mTD-6 and -11 cell clones
were cultured for up to 21 days in media alone () or media with osteogenic mediators (þ) ascorbic acid, b-glycerophosphate and Chrion 99021. RNAwas retrieved and subjected to
qRT-PCR for Runx2 (A) and OCN (B) or cells ﬁxed and stained with Alizarin Red (C). Both cell types showed robust induction of osteogenic markers and mineralized matrix staining,
with the differentiation being more marked for mTD-11 than mTD-6 cell clone. The primer sequence for OCN is as follows: Forward-GCTCTGTCTCTCTGACCTCACA; Reverse-
CCCTCCTGCTTGGACATGAA; FAM Probe-CTGAGTCTGACAAAGCC. qRT-PCR data represents mean (95% CI) of respective genes relative to those of GAPDH from three independent
experiments, each performed in triplicate.
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morphologies38. Regionally too the ratio of ﬁbroblast-like to
chondrocyte-like cells is higher in the anterior and posterior bands
and lower in the intermediate zone in bovine and porcine discs23,38.
In contrast to the cell types in the porcine and mouse disc, the TMJ
disc cells of the primate contain numerous chondrocytes in the
band areas while the intermediate zone is tendinous with scattered
chondrocytes and the posterior attachment is composed of ﬁbro-
cytes39. Similarly in rabbits, cartilage-characteristic proteoglycans
and cartilage-like cells are located in the band areas with those in
the attachment region showing ﬁbroblastic characteristics40. Taken
together our ﬁndings and those of others12,20,23e25,38e42 demon-
strate that the TMJ disc is a microheterogenous tissue with distinct
areas of regional specialization and substantial variations between
species.
The ﬁnding on differences in the tissue localization of cell
phenotypes and matrix distribution and composition between
species likely reﬂects species-dependent dissimilarities in func-
tions to which the disc is subjected and age related changes of the
discal tissues12,16,20,23e25,38e41. Fibrocartilages in general including
the TMJ disc have been referred to as a transitional tissue19 that
undergo substantial regional and temporal developmental and
maturational changes in composition, organization and cell
phenotype with age. Mechanical forces play a key role in the
maturation of the TMJ ﬁbrocartilage as well as to changes in its
composition and anatomy. Thus the full maturation of the TMJ disc
coincides with functional demands when adult occlusion isestablished14 and the transition from a primarily ﬁbrous tissue in
young rats and marmosets to the one containing ﬁbrochondrocytes
in older animals12. Finally, the evidence for the potent effects of
function on disc anatomy, composition, and cells is provided by
experiments in which joint loading is altered13,15,30. For example
raising the bite unilaterally in animal models results in increased
expression of aggrecan in disc ﬁbrocartilage indicating that
increased compressive bite forces contribute to regional changes in
the TMJ ﬁbrocartilage13,15. These experiments also reveal that the
disc cells are highly and rapidly responsive to changes in the me-
chanical environment as reﬂected by the robust regional changes in
disc glycosaminoglycan content as early as 2e4 weeks following
altered TMJ loading. Similarly, a pathologic model of disc
displacement in rabbits shows rapid extensive shape changes,
reorganization of collagenous matrices and loss of metachromatic
staining40. Given that these responses of the disc to physiologic
stimulation or pathologic insult are modulated by discal cells, the
availability of two types of immortalized cell clones creates op-
portunities to explore and dissect the speciﬁc responses of different
cell subtypes to altered biological and/ormechanical environments.
The multi-potential differentiation capabilities under adipo-
genic, osteogenic and chondrogenic conditions of both the ﬁbro-
blast- and chondrocyte-like cell clones demonstrate that they
retain plasticity and have not yet acquired an irreversible differ-
entiation status. While cells with multi-lineage potential have not
been isolated from the TMJ disc previously, it is possible that the
disc maintains a pool of such cells for self-repair and regeneration.
Fig. 7. Fibroblast-like and chondrocyte-like mouse TMJ disc cell clones undergo chondrogenic differentiation when cultured under appropriate conditions. mTD-6 and -11 cell
clones were cultured for up to 21 days in media alone () or media with chondrogenic mediators (þ) ascorbic acid, b-glycerophosphate and TGF-b1. RNA was retrieved and
subjected to qRT-PCR for type II collagen (A) and type X collagen (B) or cells ﬁxed and stained with Alcian Blue (C). Both cell types showed robust induction of chondrogenic markers
and sulfated proteoglycan staining, with the differentiation being more marked for mTD-11 than mTD-6 cell clone. qRT-PCR data represents mean (95% CI) of respective genes
relative to those of GAPDH from three independent experiments, each performed in triplicate.
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talization and clonal expansion provides a likely explanation of
these traits in our cell clones. The presence of this multipotent
quality in at least cell clones mTD-6 and -11 offers a potential
resource for future animal studies on deﬁning viable tissue engi-
neering approaches for TMJ disc ﬁbrocartilage regeneration. Also a
single established TMJ phenotype may not offer the plasticity
required for responding to changes in function and mechanical
environment to undergo the desired differentiation. This makes it
important for some cells within the tissue to retain the capacity to
undergo differentiation into the range of cells typically present
within the tissue. Although tissue engineering of bone and carti-
laginous tissues have been well studied, that of the complex
heterogenous TMJ disc is still in relatively early stages. Much of the
research on tissue engineering the TMJ disc has focused on char-
acterizing the native tissue composition, organization and me-
chanical properties, as well as for identifying appropriate scaffolds
and testing cell types and densities20,37,38,43e50. However despite
some initial work49,50, no cell type(s) or source has yet been vali-
dated for reconstituting an optimal ﬁbrocartilaginous TMJ disc. The
immortalized TMJ disc ﬁbroblast-like and chondrocyte-like cell
clones with multi-potential differentiation capabilities generated
from our studies will provide the ability to both compare theirrelative efﬁcacies in tissue engineering of the TMJ disc and provide
insights into how to improve TMJ disc repair and regeneration.
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